The intermolecular interactions between halocyclopropenone derivatives (HC 3 OX; X = I, Br, Cl, and F) and hypohalous acids (HOY; Y = I, Br, Cl, and F) were studied via the MP2 method utilizing the aug-cc-pVTZ and aug-cc-pVTZ(-PP) basis sets. The three types of complexes were hydrogen bonds, halogen bonds, and complexes containing both hydrogen and halogen bonds. The results obtained indicated that interactions in the Type 1 complexes were stronger than those in Types 2 and 3. The H-O bonds revealed red shifts with complex formation in Types 1 and 2. The O-Y bonds displayed red shifts in the Type 3 and blue shifts in the Type 2 structures. Molecular electrostatic potential, quantum theory of atoms in molecules, and natural bond orbital methodologies were used to analyze these interactions.
Introduction
Cyclopropenones (C 3 H 2 O) are very interesting molecules in biology and medicine as antibiotic penitricin as well as cyclopropenone-based protease inhibitors.
1,2 Cyclopropenone was first synthesized in 1967 3 and characterized by Breslow et al. 4 Cyclopropenone as the simplest aromatic molecule is a three-membered ring with sp 2 hybridized carbon atoms that are surprisingly stable despite its ring strain. This is probably due to the relative importance of resonance structures. 5 A number of ab initio studies have been reported for substituted cyclopropenone, X 2 C 3 O, where X = CH 3 , F, Cl. Ab initio research on substituted X 2 C 3 O with fluorine (X = F) indicated considerable changes in the structure, relative energies, and kinetic stability of molecules.
Although the decomposition mechanism of cyclopropenones and their photochemical and thermal reactions have attracted a great deal of attention, the intermolecular interaction of cyclopropenone derivatives has not been extensively studied so far.
6−12 Noncovalent interactions are critical factors for controlling the structural and energetic aspects of molecular systems. 13−17 The hydrogen bond and halogen bond interactions as weakly noncovalent interactions with significant strength and directionality have been studied experimentally via Fourier transform microwave spectroscopy and IR detection and theoretically by ab initio and DFT calculations.
18−25
A halogen bond (XB) is an attraction between halogen atoms as electrophilic species with the nucleophilic region of an atom or molecule. 26 However, the formation of halogen bonds rarely occurs with fluoride. In response to a combination of limited polarizability and extreme electronegativity, the fluorine atom is frequently estimated not to participate in halogen bonding. 27, 28 Moreover, a hydrogen bond occurs when a hydrogen atom * Correspondence: zebardasti@yahoo.com
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bonds to a more electronegative atom such as F, O, and N, and another adjacent atom bearing a lone pair of electrons. 29 The hypohalous acids (HOY with Y = halogen), formed in reactions between the halogen and OH radicals in the atmosphere, have attracted particular interest due to their ability as a model for participation in a variety of intermolecular hydrogen bonds and halogen bond interactions. 30−32 This ability is related to the simultaneous presence of both the halogen donor and the proton donor in hypohalous acid. These compounds are often used as strong oxidizing agents and participate in depletion of the ozone layer, stratospheric reactions, hydroxylation, and fluorination. 33 In recent years, theoretical investigations have been reported on molecular interactions between hypohalous acids with themselves, phosphine, sulfur, formyl halides, and carbon monoxide. 34−37 These studies are useful to show the role of HOY (Y = halogen) in biological compounds and atmospheric chemistry. 38, 39 The main objective of the present study was to investigate the key structure for the interactions of substituted cyclopropenones (X = halogen) with HOY molecules (Y = halogen) by the interplay between the hydrogen bond and the halogen bond. This work shows the effects of substitution of halogens on the cyclopropenone ring, its intermolecular interactions, stability of its complexes, and its structural properties. In order to investigate the nature of the interactions, quantum theory of atoms in molecules (QTAIM), 40 molecular electrostatic potential (MEP), 41 and natural bond orbital (NBO) 42 analyses were performed.
Results and discussion

Geometrics
Three configurations were obtained for the interaction of HC 3 OX with HOY molecules. Figure 1 43 suggesting that an attractive force exists between the two monomers. The only exception is X · · · Y, in which the distances are somewhat longer than the sum of vdW radii of the corresponding atoms, which suggests a relatively weak interaction. 
MEP analysis
MEP
Stabilization energy
Stabilization energy (SE) is one of the most important quantities to evaluate the strength of an intermolecular interaction. Table 2 to -7.76 kcal/mol, and from -3.36 to -5.49 kcal/mol, respectively. Furthermore, these values for Type 1, Type 2, and Type 3 complexes containing iodine lie within the ranges of -6.13 to -7.8, -5.61 to -7.64, and -3.41 to -6.85, respectively. Therefore, for all complexes the interactions in Type 1 complexes are stronger than those in Type 2 and 3 complexes. The stabilization energies are also computed at the CCSD/aug-cc-pVTZ and CCSD/aug-cc-pVTZ(-PP) levels (see Table 2 ). As seen, the obtained results at the CCSD/aug-cc-pVTZ level (CCSD/aug-cc-pVTZ(-PP) level for I) are consistent with those obtained at the MP2/aug-cc-pVTZ level. This suggests that the MP2 method can be regarded as reliable to evaluate the strength and stability of halogenbonded and hydrogen bonds systems.
Vibrational analysis
The changes in vibrational stretching frequencies (cm −1 ) related to the HOY and HC 3 OX free molecules at the MP2/aug-cc-pVTZ level are shown in Tables 3 and 4 . (The changes in selected vibrational stretching frequencies 
QTAIM analysis
QTAIM analysis was used to investigate the characteristics of the O · · · H, X · · · Y, and O · · · Y bond critical
points (BCPs). Table 5 and Figure S1 represent the QTAIM results of the complexes. The QTAIM topological parameters include electronic density ( ρ), Laplacian of electron density at BCP ( ∇ 2 ρ) , total energy electron density (H), and -G/V ratio. The total energy electron density is obtained from Eq. (1):
Furthermore, the viral theorem can be concluded from Eq. (2): 
The kinetic electron energy density (G) is always positive, while the potential electron energy density (V) must be negative. In Eq. (2), the positive values of Laplacian of electron density at BCP shows that G is greater than V, suggesting depletion of charge density in the interatomic surface. 45 The negative value for ∇ 2 ρ shows the concentration of the electron charge in the interatomic surface (covalent bonds (shared interaction)).
46
The hydrogen bonds can be classified into three types: weak hydrogen bonds ( ∇ 2 ρ and H > 0), medium hydrogen bonds ( ∇ 2 ρ > 0 and H < 0), and strong hydrogen bonds, where both ∇ 2 ρ and H < 0). 
NBO analysis
The NBO method was applied to identify the nature of the interaction between HOY (Y = halogen) and HC 3 OX (X = halogen) molecules, which were performed at the MP2/aug-cc-pVTZ and MP2/aug-cc-pVTZ(-PP) levels of theory. The data supplied in Table 6 represent the second-order perturbation energy (E Table 5 . The value of CT in Type 1 and 2 complexes decreases with the rise in the Y atomic number (Br < Cl < F). However, an inverse trend was observed for Type 3 complexes, with CT increasing with elevation in the Y atomic number.
Type 2 O· · · H BCPs
X· · · Y BCPs P ∇ 2 ρ H -G/V ρ ∇ 2 ρ H -G/V FF
Conclusion
MP2/aug-cc-pVTZ and MP2/aug-cc-pVTZ(-PP) calculations were performed to study the interaction between HOY (Y = F, Cl, Br, and I) and HC 3 OX (X = F, Cl, Br, and I) molecules. 
Computational details
In the present study, all calculations were performed with the Gaussian 03 software package. 48 The geometry optimizations of the complexes formed between the cyclopropenone and hypohalous acids (HOY with Y = halogen) were carried out using the MP2 method 49 with the aug-cc-pVTZ basis set for all atoms, except I, for which the MP2/aug-cc-pVTZ(-PP) basis set was used. 50 In the investigation, the MP2/aug-cc-pVTZ (-PP) level of theory was applied to calculate the interaction energies and stability for systems containing iodine.
51
The frequency calculations at the same level indicated that all the structures obtained were in good agreement with those of the energetic minima. The interaction energies were corrected for the BSSE with the counterpoise method by Boys and Bernardi. 52 MEP was calculated on the 0.001 electrons/Bohr 3 contour of the electronic density using the Wave Function Analysis-Surface Analysis Suite (WFA-SAS). 53 To characterize the bond properties of the complexes, QTAIM analysis was performed with the help of AIM2000 54 and AIMAll. 40 The NBO analysis accomplished with the NBO program 55 provided using Gaussian 03. Supplementary Figure S1 . The Molecular graphs between HC 3 OX and HOY (X=Y=F, Cl, Br and I) at MP2/aug-cc-pVTZ level.
